Aims/hypothesis In previous studies, the risk of developing familial type 1 diabetes has been reported to be more than two times higher in the offspring of affected fathers than in those of affected mothers. We tested the hypothesis that index children with an affected father may have a more aggressive disease process at diagnosis than those with other affected first-degree relatives. Methods A cross-sectional, observational study was performed using the Finnish Pediatric Diabetes Register. Clinical and metabolic characteristics, beta cell autoantibodies and HLA class II genetics were analysed from index children in Finland diagnosed before the age of 15 years between January 2003 and December 2016. Information on the presence of type 1 diabetes in first-degree relatives was collected at diagnosis using a structured questionnaire. Results Out of 4993 newly diagnosed index children, 519 (10.4%) had familial type 1 diabetes. More than 5% (n = 253, 5.1%) had an affected father, 2.8% (n = 141) had an affected mother, 1.9% (n = 95) had an affected sibling and 0.6% (n = 30) had two or more affected family members. All clinical and metabolic variables were markedly poorer in children with sporadic vs familial diabetes. The index children with an affected father or mother were younger than those with an affected sibling (median age 7.59 vs 6.74 vs 10.73 years, respectively; p < 0.001). After age-and sex-adjusted analyses, index children with an affected father presented more often with ketoacidosis (9.7% vs 3.6%; p = 0.033) and had greater weight loss before diagnosis (3.2% vs 0%; p = 0.006) than those with an affected mother. Children with familial disease tested negative for all autoantibodies more often (3.5% vs 2.1%; p = 0.041) and had insulin autoantibodies more frequently (49.8% vs 42.2%; p = 0.004) than those with sporadic disease. Both major HLA risk haplotypes (DR3-DQ2 and DR4-DQ8) were more often lacking among children with sporadic vs familial disease (15.9% vs 11.2%; p = 0.006). The DR4-DQ8 haplotype was more frequent in the familial vs the sporadic group (75.7% vs 68.5%; p = 0.001) and especially among children with an affected father when compared with children with sporadic disease (77.5% vs 68.5%; p < 0.05). When comparing index children with affected parents diagnosed before or after the birth of the index child, a clear male preponderance was seen among the affected parents diagnosed before the birth of the index child (fathers 66.2% vs mothers 33.8%; p = 0.006), whereas the proportion of fathers and mothers was similar if type 1 diabetes was diagnosed after the birth of the index child.
Conclusions/interpretation
The more severe metabolic derangement at diagnosis in children with sporadic type 1 diabetes compared with those with familial type 1 diabetes was confirmed. The higher frequency of diabetic ketoacidosis and increased weight loss at diagnosis in index children with an affected father compared with an affected mother support the hypothesis that paternal type 1 diabetes is associated with more severe disease in the offspring than maternal diabetes. The sex difference seen between affected parents diagnosed before and after the birth of the index child supports the hypothesis that maternal insulin treatment protects against type 1 diabetes. 
Introduction
Warram et al first reported a higher risk of type 1 diabetes in the children of affected fathers compared with the children of affected mothers [1] , and this has been confirmed in many other studies [2] [3] [4] [5] [6] [7] [8] [9] . However, there are few recent studies, and methodological differences in study designs make the comparison of existing studies challenging. Moreover, studies have focused on the prevalence and incidence rate of familial type 1 diabetes, as well as on the risk of disease transmission from parents to offspring or comparisons between parentoffspring and sib-pair groups. A more severe metabolic derangement at diagnosis has been observed in individuals with sporadic compared with familial type 1 diabetes [4, 8, [10] [11] [12] [13] . However, little is known about possible differences in disease presentation at diagnosis of type 1 diabetes according to who in the family is also affected by type 1 diabetes.
Despite the confirmed fact of a stronger disease transmission to offspring from an affected father compared with an affected mother, the mechanism behind this phenomenon is still poorly understood. Both genetic and environmental hypotheses have been proposed. These include preferential transmission of HLA susceptible genes from the father to the offspring [14, 15] ; genomic imprinting resulting in diabetessusceptible gene inactivation in the offspring of affected mothers but not in those of affected fathers [16] ; a tolerogenic environment in insulin-treated mothers during pregnancy [1, 17] ; and the selective loss of fetuses of affected mothers carrying susceptibility to type 1 diabetes by spontaneous abortion [1] . This last hypothesis of higher perinatal mortality rate in fetuses of affected mothers does not, however, appear to explain this phenomenon. Warram et al in their later work [18] found that the risk of type 1 diabetes in the offspring remained basically the same over several decades, despite a significant decrease in perinatal mortality rate over the same time period.
The aim of our study was to analyse the impact of the relationship of the family member affected by type 1 diabetes on clinical, humoral and genetic characteristics in the index child at diagnosis of type 1 diabetes. Since the risk of type 1 diabetes is two-to threefold higher among those with an affected father compared with those with an affected mother, we expected the index children with an affected father to have signs of a more aggressive disease process than those with an affected mother or sibling.
Methods
Study design and subjects The Finnish Pediatric Diabetes Register (FPDR) and Sample Repository has provided clinical and biochemical information on children newly diagnosed with diabetes and their families since 2002, and covers more than 90% of those diagnosed with diabetes in Finland [19] . The coverage of the Sample Repository is approximately 70% of participants. The newly diagnosed children have been treated in 23 centres, of which five are university hospitals.
Between January 2003 and December 2016, 6913 children and adolescents diagnosed with type 1 diabetes under the age of 15 years were registered in the FPDR. We excluded 1747 children because of a lack of blood samples available for the analyses of diabetes-associated autoantibodies and HLA genotyping ( Fig. 1) . A comparison between the included and excluded participants has been presented in our previous work [20] . Only the first diagnosed child per family who fulfilled the inclusion criteria was included as an index child. Three children potentially suffering from neonatal diabetes (age at diagnosis <6 months) and one child later diagnosed with maturity-onset diabetes of the young were excluded. Consequently, the study cohort included 4993 children, of whom 56.6% were boys and the mean age was 8.03 years (SD 3.89, range 0.52-14.99 years).
Information on the family history of all types of diabetes was collected from the families using a structured questionnaire. First-degree relatives (FDRs) included the father, the mother and the full siblings of the affected child. The register does not provide follow-up data from families after the diagnosis. In the current analyses, we took into account the family history of type 1 diabetes in FDRs at the time of diagnosis of the index child. The study cohort was categorised into four familial subgroups based on which family member or members were affected by type 1 diabetes (father, mother, sibling or more than one affected FDR) and those with sporadic disease. Children with no information on the family history of type 1 diabetes (n = 57) were counted as having sporadic disease.
Written informed consent was required from a parent or a legal caretaker and from participants aged 18 years or older. Children aged 10-17 years gave informed assent. The study protocol was approved by the Ethics Committee of the Hospital District of Helsinki and Uusimaa.
We first compared children with familial and sporadic disease at the time of clinical diagnosis. A more detailed comparison between the four familial subgroups and those with sporadic disease was further performed, and in case of significant differences, paired comparisons by groups were also performed.
Markers of metabolic decompensation at diagnosis
Local laboratories analysed blood pH and the levels of plasma glucose and β-hydroxybutyrate at diagnosis. Standardised HbA 1c values were available only from those diagnosed after 2012. The clinician in charge of the initial treatment of the index child assessed weight loss and level of consciousness at the time of hospital admission. The duration of classic symptoms before diagnosis was obtained by interviewing the parents using a structured questionnaire. Ketoacidosis was defined as blood pH <7.30 and severe ketoacidosis as blood pH <7.10 at diagnosis.
Autoantibody assays and HLA genotyping The biochemical autoantibodies: insulin autoantibodies (IAA), antibodies to GAD (GADA), islet antigen 2 (IA-2A) and zinc transporter 8 (ZnT8A) were analysed with specific radiobinding assays described previously [21, 22] . Levels of islet cell antibodies (ICA) were quantified with indirect immunofluorescence of pancreatic tissue obtained from a blood group O (0) donor [23] . Since exogenous insulin treatment may induce insulin antibodies, we excluded those with serum samples taken later than 30 days after diagnosis (255 of 4993, 5.1%) for the autoantibody analyses. We have previously observed that insulin antibody levels 1 month after the diagnosis correlate more strongly with the IAA titers at diagnosis than with insulin antibody levels 3 months later. Typing of the major HLA DR-DQ haplotypes was performed with PCR-based lanthanide-labelled hybridisation and time-resolved fluorometry detection [24] . Detailed information on the assays is in the electronic supplementary material (ESM) Methods.
Statistical analysis Statistical analyses were performed using SPSS software (SPSS Statistics 24; IBM, Chicago, IL, USA) and the R 3.4.0 package (https://cran.r-project.org/). Frequencies in each study group were compared using crosstabulation and the χ 2 or Fisher's exact tests. We used Pearson's χ 2 test for cross-tabulating polytomous variables with continuity correction when appropriate. Differences in levels of normally distributed variables were analysed using Student's t test. Non-parametric variables were tested using the Mann-Whitney U test and Kruskal-Wallis test. Adjusted analyses for confounding factors were performed using logistic/ordinal/multinomial regression for dichotomous/ordinal/ categorical variables and quantile regression in R (package quantreg) for skewed variables. A p value of 0.05 or less was considered statistically significant. Bonferroni's correction for multiple comparisons was not applied due to its overly conservative nature. Multiplicity issues were taken into account in cautious interpretation of the results.
Results
Demographic information At diagnosis, 519/4993 (10.4%) children had at least one FDR with type 1 diabetes. The proportion of index children with an affected father was 1.8 and 2.7 times higher compared with those with an affected mother (p < 0.001) or sibling (p < 0.001) (n = 253 [5.1%] vs n = 141 [2.8%] and n = 95 [1.9%], respectively). A higher proportion of index children had an affected mother than an affected sibling (p < 0.003). Only 30 index children (0.6%) had two or more affected FDRs with type 1 diabetes ( Fig.  1 ). The number of children in each family and the birth order of the index child in relation to the presence of an affected father or mother are presented in the ESM Results section and ESM Table 1 .
Similar age at diagnosis and a similar male:female ratio was found between children with familial and sporadic disease ( Table 1) . A younger age at diagnosis was seen in index children with an affected father or mother compared with those with an affected sibling (median 7.59 and 6.74 years vs 10.73 years, respectively; p < 0.001, Fig. 2 ). There was a notable male preponderance (76.7%) among those with two or more affected FDRs compared with the male:female ratio in the other groups (p = 0.061, Table 2 ). In addition, the proportion of boys among the offspring of affected mothers (48.2%) diverged from that in the whole study population (56.6%), while the proportion of boys was similar (56-57%) in the other familial subgroups. Both sexes had a father with type 1 diabetes (5.1% of boys vs 5.0% of girls; p = 0.80) and a sibling with type 1 diabetes (1.9% for both sexes; p = 0.88) equally often. However, the proportion of girls with an affected mother was significantly higher than that of boys (3.4% vs 2.4%; p = 0.04) (see ESM Results). The proportion of children with two or more affected FDRs was 0.8% among boys and 0.3% among girls (p = 0.03).
Metabolic decompensation at diagnosis After age-and sexadjusted analyses, children with sporadic disease had poorer values for all clinical and metabolic variables than children with familial disease (Table 1) . Index children with an affected father had a longer duration of classic symptoms compared with other familial subgroups ( Table 2) . They also presented more often with ketoacidosis (9.7% vs 3.6%; p = 0.033, Fig.  3 ) and had greater weight loss before diagnosis, compared with those with an affected mother ( Table 2 ). The measured laboratory values at diagnosis were similar in the different familial subgroups.
Autoantibodies When adjusted for age and sex, autoantibody negativity was more frequent among children with familial vs sporadic disease (Table 1) , and a similar difference was seen especially among those with more than one affected FDR compared with those with sporadic disease, although it did not reach statistical significance after adjustment (p = 0.091) ( Table 3 ). The frequency of IAA was higher in the familial group, but all other autoantibody frequencies and titres were similar in familial compared with sporadic groups, and no differences were detected in the number of positive autoantibodies (Table 1) .
HLA genetics After adjusting for age and sex, the risk haplotype DR4-DQ8 was more common in the familial vs sporadic group (Table 1) , and a higher prevalence of DR4-DQ8 heterozygosity as well as DR4-DQ8 homozygosity was observed in those with an affected father vs those with sporadic disease, in particular ( Table 4 ). The genotypes missing both major risk haplotypes (DR3-DQ2 and DR4-DQ8) were more common in the sporadic group compared with the familial group (Table 1) . There was no difference in the proportions of genetic risk groups between children with familial or sporadic disease, or between different familial subgroups (Tables 1 and 4 ).
Timing of diagnosis in the affected parent in relation to disease characteristics in the index child We compared offspring with parents diagnosed with type 1 diabetes before and after the birth of the index child (Table 5 ). In these analyses, we included all the index children known to have affected parents, and also those classified into the group of two or more affected FDRs in previous analyses. If both parents of an index child had type 1 diabetes (six children) then we took into account only the information from the affected mothers. Thus, in 349 cases (87%) the parent was diagnosed before the birth of the index child, and in 52 cases (13%) the parent was diagnosed after the birth of the index child. There were no significant differences in the sex distribution of the index children between the groups. In contrast, a clear predominance of affected men was seen among the affected parents diagnosed before the birth of the index child (66%), whereas the proportion of affected fathers and mothers was similar when their type 1 diabetes was diagnosed after the birth of the index child. Index children were younger if the parent was diagnosed before vs after the birth of the index child. A similar difference was seen in subanalyses of index children with an affected mother (median age 5.57 vs 9.77 years, p < 0.001), but not in subanalyses of index children with an affected father (data not shown). After adjusting for age and sex, median HbA 1c values at diagnosis of type 1 diabetes were higher in those children whose parents were diagnosed after the birth of the index child, whereas no other significant differences were observed in the metabolic characteristics or in the risk profile of HLA genetics between the two groups. Apart from higher IA-2A frequencies in children with affected parents diagnosed after the birth of the index child, no other differences were found between the groups in the autoantibody profile.
Discussion
In this cross-sectional nationwide study, a positive family history of type 1 diabetes was observed in 10.4% of participating children at the time of diagnosis. This frequency is in line with previous reports, in which the proportion has varied between 9 and 12% [4, 6, 9, 12, 13, [25] [26] [27] . As expected, the number of children with an affected father was about twofold higher than that of children with an affected mother [2, 5, 7, 8, 26] . The proportion of index children with an affected sibling (1.9%) was lower than previously observed in Finnish and Danish studies ( 5%) [4, 6, 13] . This may be due to the fact that siblings diagnosed after the index child were not considered Categorical variables are presented as % (95% CI) and continuous variables as median (range)
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For comparing frequencies in each study group, cross tabulation and in the current study. The proportion of those with an affected sibling was based on all index children, irrespective of the number of known siblings. Moreover, index children with two or more affected FDRs, at least one being a sibling, were categorised into the group of multiple affected family members and not included in the group of affected siblings. In the Childhood Diabetes in Finland (DiMe) study, the categorisation was similar to that used in the current study and the proportion of index children with a sibling with type 1 diabetes (2.6%) was closer to our finding [28] . We cannot disregard the potential effect of a decreasing birth rate and reduced family size seen in Finland on the number of siblings. We observed a younger age at diagnosis in those with an affected father or mother than in those with an affected sibling. However, no difference was observed in age at diagnosis between children with familial and sporadic disease, similar to most previous studies [4, 9, 25, 29] . As found in a Swedish register-based study, index individuals with an affected sibling were older than those in other familial groups and those with sporadic disease [9] . In the current study, the transmission of type 1 diabetes from an affected mother to a daughter was more frequent than to a son, whereas almost the same frequency of boys and girls had an affected father or a sibling. In addition, a clear majority of those with two or more affected FDRs were boys. This was not, however, statistically significant because of the small number of children in this group. In contrast to our findings, it has been speculated that the disease transmission rate is higher in offspring of the opposite sex to that of the diabetic parent [2, 5] . Most previous studies have not, however, supported this hypothesis, showing no differences [1, 4, 9, 29] . The DiMe study reported that if the affected parent and the offspring shared the same sex then the risk of developing type 1 diabetes was higher in sons compared with daughters; when the parent and the offspring were of the opposite sex, the risk was higher in daughters [2] . Accordingly, disease transmission was higher from an affected father than from an affected mother. In another study, fathers were more likely to pass the disease to their daughters than to their sons, but a similar effect was not seen for mothers [5] .
As previously shown, those without type 1 diabetes in the immediate family had more severe metabolic decompensation at diagnosis than those with familial disease [4, 8, [10] [11] [12] [13] . The observation of a lack of differences in metabolic control between those with familial and sporadic disease 1 year after diagnosis [10] suggests that increased parental awareness of diabetes-related symptoms and/or the possibility of selfmonitoring blood glucose without any delay in the families with a previously affected family member, rather than differences in the disease pathogenesis, explain this phenomenon. A higher frequency of ketoacidosis and increased weight loss at diagnosis was observed in index children with an affected father vs an affected mother. The results lend support to our hypothesis that paternal type 1 diabetes is associated with more severe disease in the offspring than maternal type 1 diabetes. To our knowledge, this is the first observation of an association between paternal type 1 diabetes and a poorer metabolic status in the offspring at diagnosis.
Since the FPDR does not collect data on the social status of families, it was not possible to look for associations between the familial environment and lifestyle and the disease presentation in the index child. Whether the child is living with both parents or with a single parent, often the mother, may affect the recognition of diabetes-related symptoms prior to diagnosis. It is possible that mothers are still the primary caregivers, responsible for children's health issues and providing information to clinicians. Whether this could have an effect on the reported findings, for example the longer duration of classic symptoms seen in those with an affected father compared with the other familial subgroups, remains open.
The frequency of no detectable autoantibodies at diagnosis was higher in children with familial vs sporadic disease, and especially in those with multiple affected FDRs. This raises the possibility of monogenic diabetes in some children with affected family members. This issue is currently being analysed in the FPDR population. The IAA frequency was significantly higher in children with familial vs sporadic disease, while no differences were observed in other autoantibody titres or frequencies, or in the number of positive autoantibodies. Lebenthal et al reported similar results for IAA in their study [12] . In addition, they found that individuals with familial disease tested positive for three autoantibodies more often than those with sporadic disease. However, most studies have not found an association between a positive family history of type 1 diabetes and the presence of diabetes-related autoantibodies [4, 8, 30] . Although our results from the autoantibody analyses do not support the theory of a more Categorical variables are presented as % (95% CI) and continuous variables as median (range)
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For comparing frequencies in each study group, cross tabulation and aggressive, organ-specific immune response in index children with an affected father, previous studies in at-risk individuals have pointed in that direction. Verge et al reported that the offspring of a father with type 1 diabetes were more likely to seroconvert to positivity for diabetes-related autoantibodies than the offspring of an affected mother [31] . Similarly, the risk of developing multiple islet autoantibody positivity tended to be higher in the offspring of affected fathers vs affected mothers in the BABYDIAB study [32] . Moreover, in that study the risk of multiple autoantibodies, as well as the risk of developing type 1 diabetes, was strongly associated with the presence of multiple FDRs with type 1 diabetes. This is, in a way, in contrast to our finding of a higher frequency of no detectable autoantibodies described above. However, as the FPDR does not include any samples from the period before the diabetes diagnosis, we cannot exclude the possibility that children with familial disease had autoantibodies earlier in the disease process but were already antibody negative at diagnosis due to aggressive beta cell loss. In the recent Environmental Determinants of Diabetes in the Young study, the risk of progression from multiple autoantibodies to type 1 diabetes was not related to the presence of an FDR with type 1 diabetes compared with the general population series after 8 years of follow-up, but the progression rate was more rapid in individuals with familial disease. In that study the relationship of the affected relative to the index child did not affect seroconversion or progression rates [33] . As previously reported from the FPDR, children with familial type 1 diabetes carried the DR4-DQ8 risk haplotype more often than children with sporadic disease [4] , especially those with an affected father. Such a difference was not seen in the prevalence of the DR3-DQ2 risk haplotype. On the contrary, the proportion of genotypes not including DR3-DQ2 and/or DR4-DQ8 was significantly reduced among children with familial disease, as described previously by Veijola et al [8] . In their data, the highest frequency of the DR3/DR4 genotype was seen in children with an affected sibling, while the DR4/x genotype was most common in children with an affected parent. Although these findings were non-significant, the current results are in line with those observations. Vadheim et al found that fathers with the DR4 allele transmit this allele more often to their offspring than DR4-positive mothers, suggesting that a preferential inheritance of the DR4 allele in children of affected fathers could explain the increased incidence of type 1 diabetes in the offspring of an affected father [14] . Similarly, high-risk HLA haplotypes were more likely to be transmitted to the offspring from a father than a mother with type 1 diabetes in a study by Tuomilehto-Wolf et al [15] . Although the findings potentially indicate that the affected father is characterised by an increased susceptibility for transferring certain high-risk haplotypes to their offspring, interpretations should be made with caution, since studies comparing the association between different affected family members and the HLA genotype in the index individual are sparse and the study populations in previous studies have usually been small.
When comparing index children with an affected parent diagnosed before vs after the birth of that child, we found no differences in the sex distribution of the offspring. In contrast, a higher male:female ratio among the affected parents was observed, but only if the parent was diagnosed before the birth of the index child. Similar results have been reported by Lorenzen et al, although their subpopulation was relatively small [29] . These findings support the hypothesis, first proposed by Warram et al [1] , of a protective effect of maternal insulin treatment during pregnancy by inducing tolerogenic mechanisms to insulin. Exogenous insulin is transferred extensively to the fetus through the antigen-antibody complexes present in most insulin-treated mothers [34] . Similar differences have not been observed, however, in all studies [35] . In the BABYDIAB study, children with a father affected by type 1 diabetes developed positive autoantibodies earlier and at a higher frequency than children with an affected mother [36] . Thus, male sex of the affected parent seems to more strongly influence the initiation of autoimmunity to diabetesassociated autoantigens than disease progression. The longer history and experience of type 1 diabetes in affected parents diagnosed before the birth of the index child may explain the lower HbA 1c values in these index children at diagnosis, compared with those whose parents were diagnosed after their birth. However, similar differences were not seen in other metabolic values, probably because of limited statistical power.
The large study population of almost 5000 newly diagnosed children, derived from a nationwide register in the country with the highest incidence of type 1 diabetes, is a clear strength of our study. However, the retrospective design can be considered a limitation. Information on the presence of a family history of diabetes in relatives and the type of diabetes (type 1/type 2/gestational diabetes/other) was collected directly from the participating families using a questionnaire, which may possibly have led to some misclassifications. However, the risk of bias as to the family history of FDRs may have been smaller than if the extended family had also been included. Another source of selection bias is the inclusion criterion requiring sample availability for autoantibody and HLA analyses, although the frequency of children with familial and sporadic disease did not differ between those included and excluded [20] .
In conclusion, the higher frequency of ketoacidosis and greater weight loss at diagnosis in the offspring of an affected father, in addition to fathers' susceptibility to transferring the disease to their offspring more often than mothers, suggest that paternal type 1 diabetes seems to be associated with more severe disease in the offspring. This suggests that the children of fathers with type 1 diabetes might have a higher risk of diabetic complications than those of affected mothers. However, no studies to date have addressed that issue. No differences were observed in the autoantibody profile at diagnosis. The DR4-DQ8 haplotype was more frequent in children with familial compared with sporadic disease, and especially among those with a father affected by type 1 diabetes. Both genetic and environmental factors have been implicated to explain the higher incidence of type 1 diabetes in children with an affected father than in those with an affected mother. The sex difference seen between affected parents diagnosed before and after the birth of the index child supports the hypothesis that maternal type 1 diabetes protects against the development of type 1 diabetes in children.
